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The Particle 'Track Record of the Ocean of Storms
G. M. Comstock, A. 0. Ev%.iaraye*, R. L. Fleischer
and H. R. liart, Jr.
General Electric Research and Development Center
ABSTRACT: In Apollo 12 rocks the numbers of tracks from the solar
and galactic iron group cosmic rays imply surface residence times
that range from <10,000 years to ..-30 million years. The presence
of steep track gradients at exposed surfaces shows that some rocks
have been on the lunar surface in only one position, while others
have been turned aver and moved more than once. For example, rock
12017 was raised to within one mc-t er of the surface, later thrown
to the very surface, then flippcc. over and recently splattered
with molten glass (just 9,000 years ago). The abundance of nuclear
interaction (spallation) tracks induced by the penetrating galactic
protons provides residence times for different rocks in the top
meter of soil of ..20 to 750 millions of years. Since there is
great variation of the track.densities from grain tc grain in the
soil we conclude that it has been well stirred down to ._60 cm
depth at the site of the deepest Apollo 12 core sample. A model
in which thorough stirring is most frequent at shallow depths and
less and less frequent at greater depths fits the observed track
density distributions; stirring ages of 1 to 2 billion years are
required. The erosion of lunar rocks is estimated by comparing
the cosmic ray track W.stributions in lunar rocks with the one
found in (uneroded) glass detectors exposed in Surveyor III.
Erosion at a rate of about one atomic layer per year is inferred.
By inducing uranium-235 fission tracks we have measured widely
ranging uranium concentrations: less than 10 -3
 parts per million
in pyroxenes, ,.lppm in glass, and up to 170 ppm in zircon. The
fossil track abundance in the zircon gives no evidence for the
presence-of extinct radioactivity by plutonium-244 or by super-
heavy nuclei. Deformation-produced track erasure has been seen
in some soil grains.
•
* Now at Department of Physics, Antioch College, Yellow Springs, Ohio.
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The abundant particle tracks found in most lunar samples
constitute a iiighly detailed record of the diverse chronology of
lunar samples: solidification ages are recorded by uranium-238
fission tracks (' ) ; tines of exposure on the lunar surface (surface
re_ sidence times) are given by tracks of iron group nuclei :^.n the
cosmic rays (293) ; and we shall see that nuclear interaction
(spallation) tracks( 2 ) 4) measure the total time spent near and
at the lunar surface.
Uranium contents and fission track dating: Since fission
track dating requires the presence of uranium, the induced fission
track measurements (5) given in Table I are relevant (6) In the
cases shown, uranium is too low to allow fission track dating of
any of the samples except for zircon LZ where an upper limit can
be given. Since the fossil .track content was 1 to 3 x 108/cm2,
the ages would be 1.3 to 3.3 x 109 years if these c-. ere all fission
tracks, and less if an appreciable fraction were of other origin.
There is thus no'evidence for an excess of fission tracks from
presently extinct fission activity by Pu-244 or super-heavy
elements.
Surface chronology of rock 12017: We have shown previously(213)
how the dominant cosmic ray tracks - from the iron group nuclei -
can be used to measure the surface residence times of rocks and
rock fragments and how (from steep track density gradients near
space-exposed surfaces) former orientations of rocks can be inferred.
As an example, the results shown in Figure 1 for rock 12017 allow
us to derive the complicated and varied history described in Table II.
Spallation tracks indicate the period over which the rock
was exposed to galactic cosmic rays and are responsible for the
first two entries in Table II. The increase in cosmic ray tracks
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near each surface show that both sides have been exposed to space,
and the slight asymmetry in the profile shows that the bottom
received the longer exposure, roughly 1 million years, than did
the top. At the very top is a glass coating that apparently was
splashed on after the rock was positioned with that side up. From
crystals trapped within the coating its space exposure is inferred
to be only —9,000 years, The glass itself() is less retentive
of tracks (allowing fading in 2 years at 400 0K and 500 years at
3500K) and has only preserved tracks over the last 500 years(8).
In short the low energy cosmic rays (dominantly solar flare
particles) have been recorded over different time intervals: the
glaze over the last 40 to 50 solar cycles, the crystals within
the glaze over the last N800, and the bottom of the rock over
a more ancient group of -.500,000 cycles. Track distributions in
these three sites should allow the proposed (9) "solar flare
paleontology", comparing ancient solar spectra at different
periods of time.,
Surface residence times: Table III summarizes cosmic ray
If
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track information for Apollo 12 rocks and gives the most current
data on 10049. This is an Apollo 11 rock of special interest
because its surface time of 29 m.y. agrees with the 24 m.y. inferred
from radioactivity measurements of spallation-produced nuclides(10)
and the 21 m.y. inferred here from spallation tracks. In short
this"sample spent all of its near surface time directly
exposed to space and underwent very little erosion (which would
have lowered the track density). The limit on erosion (<3 x 10-8.
cm/year) is consistent with what we will infer later in this paper
from our Surveyor III results. Table III shows a wide range of
surface exposure times - from 404 to 3 x 107 years - for samples
some of which have been in a single surface position, some in
at least two, and one in at least three.
NI
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- Spallation ages:	 We have noted • previously (4)
 that spallation
tracks produced by nuclear interactions of penetrating primary
cosmic ray particles increase in number with the time of exposure
in the top 1-2 meters of soil.
	
We have now assembled sufficient
data to show that useful spallation ages can be calculated, as
shown in Table IV.
	
The computed fluence of high energy particles
("proton exposure") is the ratio of the observed spallation track
densities to the production rate measured after bombardment of
samples by specified doses of 3 GeV protons. 	 An assumed cosmic
ray proton flux of 3 x 10 7/cm2-yr leads to the ages given as
7
"surface ages" - the time samples were on the lunar surface if
the entire exposure occurred there.
Burial depths:	 The ages are uncertain, however, because we
do not know the samples' depths of burial during proton exposure.
As other accelerator experiments have shown( 11 ), a cascade of
nuclear-active, secondary protons and neutrons builds up with
depth and then attenuates. 	 For spallation reactions in which 5
nucleons can be ejected from the struck nucleus (12) the maximum
flux is X2.5 times the primary proton flux and occurs at a depth
of about 50 cm of soil (or 25 cm of rock).
	
The column labeled
"minimum spallation age" in Table IV gives minimum times -
corresponding to burial at a 50 cm soil-equivalent depth.	 It
should also be evident that the observed track densities could
have been produced by much longer exposures than we have listed,
if the samples were located at greater depths where the high
energy particle flux is corresponding lower.
By comparing track spallation ages with track surface
residence times and with radiometric spallation ages, permissible
burial depths can be inferred.	 Thus for rock 10049, where all
three agree, the entire exposure must have been at the surface.
1
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For rocks 10017 and 10044, where the surface residence was short,
the samples must have been buried over-most of their spallation
exposure times. In the case of 10044 burial must have been at
..,50 cm of soil as judged by the low radiometric spallation age.
At present track spallation ages are of low precision. They
do, however, give reasonable.agreement with the radiometric ages
and give track workers an additional dimension for assessing
radiation exposure histories. By measuring spallation ages for
more than one mineral an improved internal check on the accuracy
of such ages will be possible.
Core sample and soil mixing: Primary cosmic ray track densities
were counted in 112 individual pyroxene, olivfne * and feldspar scii
grains from 13 depths distributed through the 40 cm length of
core samples 12025 and 12028. About a third of the samples were
counted from electron microscope replicas (4) ; we determined that
these counts should be reduced by a (variable) factor of 2 to 3
for comparison with light microscope counts. The counts in
pyroxene crystals need to be corrected for 70% etching efficiency.
With these adjustments we have plotted in Figure 2 the median
track density observed at each depth and limit bars which show
the spread of the 70% of the samples that are closest to the median.
It will be seen that there is no significant correlation
with depth and the spread at each depth is about a factor of 10.
The statistical counting error for each sample grain is less
''I
than 101;. The track density spread due to uncertainty in the
orientation of the etched surfaces was investigated by-breaking
up a large pyroxene grain; the fragments yielded a ± for spread of
a factor of 2, as expected . from.the anisotropy of the attenuated
cosmic ray beam.
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If the soil had not been subjected to any mixing then the
expected track density would be proportional to the steep curve
in Figure 2, with a factor of 2 'spread for uncertain orientation.
This is clearly not the case. A Monte-Carlo mixing; calculation
shows (13) that continual stirring due *to crater formation will
result in a much shallower depth dependence, as observed, and a
70% track density spread at each.depth of a factor of about 30,
as indicated in Figure 2.
The calculations were performed in the following manner.
For the "slow mixing" curve in Figure 2 we start with 1800
hypothetical samples, containing no tracks, distributed throughout
the top 60 cm of soil. As the system evolves with time, these
samples accumulate tracks at a depth-dependent rate determined
from the average primary cosmic ray spectrum (4) . Every 100 m.y.
those samples which have depths of 0-10 cm are assigned new
depths at random between 0-10 cm, keeping account of the accumulated
tracks. Similariy samples 0-25 cm deep and 0-60 cm deep are assigned
new depths every 250 m.y. and 600 m.y., respectively. At each
such "characteristic mix" 1% of the samples mixed are re-assigned
0 track density to simulate shock annealing.
These mixes simulate in one process the physically separate
mechanisms of excavation and continual overlaying while demonstrating
the effects of per-odically bringing, material up from lower depths
and of mixing the shallow depths more frequently. The rate at
which these "slow" mixes occur is derived from the maria crater
distribution function, corrected for obliteration (1- 3) . For the
"fast mixing" curve in Figure 2 we assume a mixing rate ten times
faster.
r
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Figure Captions
Figure 1: Cosmic Ray Track Distribution in Rock 12017. The top
of this rock was coated with glass of maximum thickness 0.15
em. Tracks in crystals within the glass show it to be recently
formed. Pyroxene and glass track densities are corrected for
the measured etching efficiencies of 0.7 and 0.08.
Figure 2: Cosmic Ray Track Distribution in Core 12025 and 12028.
The data points are observed optical and (adjusted) electron
microscope 6ounts. The curves have been calculated for the
three models of soil history described in the text..
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Table II:	 -
Simplest Track Chronology for Rock 12017
TIME	 EVENT
(Years before present)
up to N70,000,000 	 Buried >100 cm
,..70,000,000
	 Moved to <100 cm and >15 em
,.,1 9 700, j00	 Moved to surface
,700 1 000	 Flipped over
N9 0 000	 Splattered with hot glass
,500 to 0	 Glass records solar flare
particles
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